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ABSTRACT

MODELING AND VALIDATION OF TENSION-ELEMENT BASED
MECHANISMS FOR GOLF BALL-CLUB IMPACT

Aaron Robison
Department of Mechanical Engineering
Master of Science

Previous work has systematically and numerically demonstrated feasibility and
performance benefits of the tension-element concept in golf club heads; however,
higher fidelity models needed to be created and validated for this concept. There is a
need for more accurate models for this concept to further investigate its performance
benefits.
Performance is measured in terms of impact efficiency of the ball and head and
is referred to as coefficient of restitution (COR). COR is affected by the dynamic effective face stiffness and mass properties of the club. This thesis creates and validates
high-fidelity, non-linear, dynamic finite element models for the tension-element golf
club concept. These models predicted COR with less than one percent error when
compared to dynamic experimentation results.
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Chapter 1

Introduction

There are several cases where dynamic, high energy, and high efficiency mechanical return systems are desirable. These systems can be used to rapidly receive,
store, and release mechanical energy. One such case is golf clubs. During impact,
energy is transferred between kinetic and potential energy states in the ball and the
head. Just before impact, all of the system’s energy is kinetic energy in the club head.
On impact, strain energy is stored in the club face and the ball. Finally, a portion
of this strain energy is converted to kinetic energy of the ball. Consequently, the kinetic energy of the club after impact is less than kinetic energy prior to impact. The
efficiency of this energy transfer is particularly important in metal woods (drivers)1
because the primary purpose of this club is to drive the ball as far as possible. Given
a fixed behavior for the ball, impact efficiency is greatly dependent on the dynamic
response of the club face.
1.1

Background
Most advances in metal woods are incremental and are a result of geometry

variations and material advancements [1]. Considerable effort, innovation, and resources have been employed to increase metal wood performance with the common
objectives to:
1

The terms “metal wood” and “driver” are used interchangeably in this work. The term “metal
wood” is used because original long distance clubs were made of wood and were therefore called a
“wood”, but current woods are made of metal so the term “metal wood” has been coined.

1

1. Increase drive distance. Generally speaking, the metal wood is the golf club
capable of the hitting the ball the greatest distance.
2. Improve playability. High playability is desired by amateur players because the
club is more forgiving in off-center shots and has a feel (governed by center of
gravity location and moment of inertia) that promotes more accurate impacts.
One significant metric that is related to drive distance is the coefficient of
restitution (COR), which is a metric of impact efficiency. A highly efficient club will
have a high COR and will be capable of driving the ball a greater distance.
Ideally, a golf club head would exhibit maximum COR across the entire face
and COR would not decrease with increasing swing speed. However, COR often
varies with impact location on the striking face and swing speed. COR is generally
highest at the center of the face. COR also generally decreases with increasing swing
speed [2]. These traits translate into lower performance for amateur (who use a
geometrically larger impact area on the face) and professional golfers (who have higher
swing speeds).
In most current metal woods, the majority of impact energy is stored as strain
energy in the club face. Woolley [3] and Whitezell [4] completed early development of
a new golf club concept and have shown potential performance benefits with simplified
lumped mass models and explicit finite element analysis [4]2 . The overall goals of their
work which is continued in this work were to:
1. Develop innovative head designs that can lead to improved performance. It is
of particular value to generate head designs that exhibit desirable driver COR
characteristics across a large area of the face.
2. Assure durability and robustness of the head.
3. Develop design and analysis approaches for innovative concepts. It would be
beneficial to understand the role of static characteristics and how they relate to
dynamic characteristics and performance.
2

see especially pages 95-96

2

The tension-spoke concept was generated and selected by Woolley and Whitezell
as the candidate with the greatest potential for reaching these goals. These broad
goals are not always addressed explicitly in this current work, but they are the foundation of the more detailed objective of this work. This work focuses on performance
modeling and validation of the tension-spoke concept in impacts that occur at the
geometric center of the face. Static modeling and testing is used as appropriate to
provide data and insight to better understand dynamic impact.
The tension-spoke concept stores energy during impact in thin tension elements located behind a club face. Tension elements are used to maximize the material’s energy storage capacity to mass ratio. In bending applications (such as a club
face), the outer-most material experiences maximum stress and is therefore a design
constraint. As such, only a fraction of the inner material’s energy storage potential is
used. In ideal tension, all of the material experiences the same stress and is therefore
a more efficient use of material. Furthermore, the configuration of this concept provides two key characteristics to increase performance. First, the radial arrangement
of the tension elements provides non-linear face stiffness which could possibly aid in
minimizing energy losses in the ball due to its material dampening properties or viscoelasticity. Second, there is a potential for less COR degradation in off-center shots
because the mechanism inherently resists moments due to the multiple layers stacked
inside the club body. This arrangement creates a face that simply acts as an impact
surface but is not the main source of compliance as in traditional metal woods. The
majority of the compliance is in the tension elements.
1.2
1.2.1

Problems
Models
Although previous simulations have produced promising results, the models

were idealized and had not been validated. Whitezell predicts behavior using two
modeling approaches: FEA and lumped mass models. Each approach represents
idealized situations. The FEA model uses a rigid support structure and face. The
lumped mass model assumes face stiffness to be a simple cubic relationship. Both
3

the FEA model and the lumped mass model assume that moving mass (mass that
deforms with the face) is constant and is easily predicted. Influence of the lumped
mass and face stiffness assumptions are uncertain because higher order modes can be
excited in the tension elements on impact.
Use of these assumptions has been essential to create fundamental knowledge
of the design space, but are not necessarily accurate. Validated, higher fidelity models
are needed to more accurately predict tension-element golf club behavior in order to
reliably design club heads using this concept. New models are required to account
for the effects of higher order modes in the tension elements and the compliance of
the outer structure and face of the club.
1.2.2

Experimental Validation
Given the sensitivity and complexities of the club-ball system, the new, high-

fidelity models will require validation. Hardware must be created that mimics FEA
simulations to obtain high performance. The tension-element concept consists of
many parts and poses several fabrication and assembly challenges that must be addressed before building experimental hardware.
1.3

Objective
The objective of this thesis is to refine and validate predictive models of the

tension-spoke concept. By accomplishing this objective, the performance potential of
the tension-spoke concept can be evaluated.
1.4

Scope
This thesis focuses on creating and validating new models to further develop

the tension-element concept for a metal driver head applied at the industry standard
of 48.7 meters per second (109 miles per hour) at the geometric center of the club
face. Prototyping and experimentation will focus on model verification of the impact mechanism. Golf club integration, packaging, and manufacturability are to be
considered in later work.
4

Chapter 2

Literature Review

2.1

Introduction
Literature that pertains to the tension-element golf club concept includes:

patents, published numerical and experimental literature on golf club and tennis
racket impact, and published literature that focuses specifically on the development
of models for new golf club head concepts. Patents demonstrate an array of concepts
aimed at improving golf club performance, but have no information on modeling or
performance. Literature involving numerical and experimental research on golf club
and tennis racket impact shows several techniques and investigations for improving
and understanding the performance of current golf clubs. Lastly, there is literature
that focuses on the early development of the tension-element concept. This thesis
builds on this final body of literature and deepens knowledge and understanding of
models for tension-element based golf clubs.
2.2

Patent Review
Several novel ideas for golf club head configurations can be found in US patents.

These patents show the innovation that has been employed to increase golf club
performance. For example, US Patent 5,505,453 [5] allows the user to adjust face
stiffness with Belleville washers or a net shaped device behind the face similar to a
tennis racket. US Patent 5,931,746 [6] uses a pre-stressed face which effectively places
the face in more tension and less bending. US Patent 6,165,081 [7] proposes a thin
flexible face separated a distance from a rigid backing plate to increase trampoline

5

effect (additional compliance of the face) to create non-linear face stiffness but stay
within material stress limits. US Patent 6,319,149 [8] discloses a method for using
different metal alloys in a driver. US Patent 6,354,961 [9] uses a multi-piece head with
a compressive internal shaft connecting the face to the back of the club to control
face deflection. US Patent 6,524,197 [10] uses a tensile element connecting the sole
to crown to resist body expansion on impact. US Patent 6,648,774 [11] discloses a
method to attach a metal face to a composite club body. These patents demonstrate
innovations that depart from traditional golf club design. US Patents 6,659,885 and
6,659,884 [12] claim driver characteristics that increase drive distance by decreasing
viscoelastic losses in the ball by trading deformation of the ball for elastic deformation
of the head.
Each of these patents focuses on increasing playability and/or drive distance
with new club configurations. To increase drive distance, each technology strives to
increase impact efficiency. Some technologies claim incremental performance benefits
by attempting to optimize geometry while other technologies are non-traditional approaches. Regardless of the approach, patents do not reveal modeling techniques to
predict performance or experimental data to validate claims.
2.3

Published Literature Review on Sports Equipment Impact
Literature has been published on numerical and experimental research to un-

derstand and improve performance of traditional golf club designs. For example,
the effects of moment of inertia and center of gravity were studied numerically by
Iwatsubo et al. [13]. Naruo et al. [14] and Nakai et al. [15] investigated optimization of club shape and face thickness. COR was studied experimentally with varying
speed and impact location by Hocknell [16]. These studies focused on traditional
metal drivers, but did not investigate alternative head configurations and concepts to
increase impact efficiency.
Tennis racket studies are applicable because strings in tension are used to store
and release impact energy which is roughly similar to the tension-element concept
applied to golf clubs. In particular, tennis racket frame stiffness and string tension
6

have been studied numerically by Kanda et al. [17]. However, the tension-element golf
club concept varies from tennis rackets because tennis racket strings are pre-stressed
and are woven together to form a single layer.
Although this body of literature is related to improving impact efficiency, there
is no focus on developing new golf club head configurations. The literature presented
shows that traditional golf club heads are investigated numerically and experimentally
to better understand impact and improve performance, but do not investigate new
concepts.
2.4

Previous Tension-Element Development Work
Woolley [3] and Whitezell [4] have systematically and numerically investi-

gated new golf club concepts. Woolley investigated a design process and modeling
approaches for compliant mechanisms1 aimed at increasing impact efficiency. The
modeling approaches include lumped mass models, closed-form static analyses, and
dynamic FEA simulations [3]. Whitezell continued this work by selecting the tensionspoke method (see Figure 2.1) and demonstrated theoretical feasibility and performance benefits with numerical models and FEA simulations. The numerical models
are lumped mass models based on the Ujihashi ball model which is a single degree-offreedom model. The club’s face stiffness is modeled as a non-linear spring of the form
F = Kxa where F is the force on the face, x is the face deflection, and a is a non-linear
exponent which is close to 3 [4]2 . This model exhibited promising results with COR
as high as 0.88 [4]3 . The FEA model by Whitezell used a completely rigid face and
outer support structure and exhibited a COR of approximately 0.83 [4]4 . Whitezell
attributed the discrepancy between the two models to moving mass assumptions and
recommended further investigation with FEA models [4]5 .
1

see
see
3
see
4
see
5
see
2

Howell [18] for a complete discussion of compliant mechanisms
especially page 63
especially page 65
especially page 74
especially pages 76-78
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Fixed Club Body
Tension Spoke

Ball

Face
Figure 2.1: Tension-spoke concept by Whitezell [4]

These previous works have formed the basis for the tension-element concept.
Experimental validation and higher fidelity models are now needed to further develop
the concept.
2.5

Summary
This literature review represents current publicly available knowledge on driver

head technology targeted toward increasing performance and playability. Individual
and professional club designers have disclosed several innovations in patents, but
none that compare to the proposed design and the patents do not disclose predictive
models. Published literature on sports equipment impact focuses on understanding
and optimizing numerical and experimental impact efficiency of traditional designs.
Despite the many innovations and research to increase playability and drive
distance, there are limited documented concepts comparable to the tension-element
design except for works by Woolley and Whitezell. They have focused on basic
modeling and have shown feasibility and possible performance benefits. However, no
information exists that validates models, investigates the design experimentally, or
addresses fabrication challenges. There is a need for validated models that accurately

8

predict the behavior of the tension-element golf club concept. This thesis addresses
this need by building on the work of Woolley [3] and Whitezell [4].

9

10

Chapter 3

Approach

In order to effectively define an overall approach, preliminary research and
investigation of various modeling schemes was conducted. Preliminary work explored
various modeling approaches including lumped-mass models and a finite element ball
model interacting with a rigid face and two points masses connected together with
a user-defined non-linear spring element. This latter approach was explored in an
attempt to generate a computationally efficient but accurate modeling technique.
Neither approach produced results that were found suitable. Whitezell [4] attributed
the lack of correlation of lumped-mass models with FEA models to moving mass assumptions. The same problem seems to hold true with the spring element technique.
As discussed earlier, the moving mass is difficult to quantify in the tension-spoke
concept and therefore makes the lumped-mass and and spring-element modeling approaches unsuitable. Preliminary research also indicated that increased attention
must be given to energy losses due to the excitement of vibrational modes as well as
other mechanisms such as anelasticity in titanium. The conclusion of this preliminary
work is that full numerical simulations would provide the best approach to accurately
predict performance, but model validation is required.
The objective of this thesis is to refine and validate predictive models of the
tension-spoke concept. This will be accomplished by creating and validating highfidelity FEA models. Two serial phases of modeling, prototyping, and dynamic testing
are used to accomplish these objectives. Model performance is validated through the
use of hardware for dynamic experimentation.

11

The objective of phase one is to understand which modeling assumptions from
Whitezell’s [4] final FEA model are valid. Hardware based on the FEA model from
Whitezell is used to reveal unpredicted challenges and determine validity of modeling
assumptions. This phase is the first step to creating and validating high-fidelity FEA
models.
Final high-fidelity models are created in phase two by using knowledge gained
from phase one. These models have fewer assumptions and are accompanied by higher
performing hardware than phase one. Hardware performance and assembly challenges
revealed in phase one are resolved to synchronize the performance of models and
hardware. The steps of each phase and their respective chapters are outlined below:
Phase One
1. Define FEA models to be used for initial validation- Chapter 4.
2. Build and test validation hardware and compare to models- Chapter 5.
Phase Two
1. Adapt models and hardware configurations to reflect learning from phase oneChapter 6.
2. Build and test validation hardware and compare to models- Chapter 7.
After both phases are complete, final conclusions and future recommendations
are detailed in Chapter 8. With this approach, the behavior of tension-element golf
club mechanisms can be predicted.

12

Chapter 4

Phase One Models

Whitezell showed performance benefits and feasibility of the tension-element
concept with numerical models and FEA simulations, but these models have not been
validated with hardware and dynamic experimentation. Phase one can be considered a benchmarking stage for validating Whitezell’s FEA models and understanding
guidelines for making modeling assumptions. FEA models, similar to Whitezell’s
models are presented in this chapter.
The FEA model is composed of a ball and a head. Although the golf club
shaft is critical in the golf swing, it can be ignored in these impact analyses because
the dynamic response of the shaft is much slower than the impact duration. This
approach is common in the literature [3, 4, 13].
The ball is given an initial velocity and impacts the head which is initially
at rest but is free to move in any direction. During impact, kinetic energy from the
ball is temporarily stored as strain energy in the tension elements in the club head.
On release, some energy is restored to the ball as kinetic and strain energy and the
remainder of the energy remains in the club as kinetic and strain energy.
Preliminary simulations show that vibrational modes are excited in the thin
tension elements which can result in residual kinetic and internal energy in the ball
and club. These residual energies do not contribute to the principal velocity of the
ball and therefore degrade COR. There is a need for FEA models that accurately
predict these energies to facilitate the development of the tension-element golf club.
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Outer structure

Spoke

Ball
Face

Figure 4.1: Phase one meshed model with ball

4.1

Phase One Model Description
The phase one FEA model1 is shown in Figure 4.1. In this figure, the ball is

in front of the large square face which is connected to the tension elements via beam
elements.
4.1.1

Golf Ball Model
The ball model is proprietary so details are not disclosed, but it is a multi-

layered model with multiple materials and viscoelasticity. It has a mass of 45.45
grams. The ball has been validated by testing with other head designs.
1

Phase one and two FEA models are non-linear dynamic contact simulations solved with
ABAQUS/Explicit (version 6.5-4)
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4.1.2

Head Model
In the head model, the tension elements are supported on the perimeter with

an outer structure. The chosen geometry parameter values are based on a response
surface optimization by Whitezell [4] aimed at maximizing COR while varying tension
element length and the mass of the club’s center region, referred to as moving mass.
The tension elements are modeled with 4-node, quadrilateral, stress/displacement
shell elements with reduced integration and a large-strain formulation. Rigid elements
are used for the face and outer structure and each has a reference point mass. 2-node
linear Timoshenko beam elements are used for the center shaft. There are 6158
elements and 7958 nodes in the head model.
4.2

Modeling Nomenclature
The nomenclature used throughout this thesis to describe the components of

the tension-element golf club is defined below:
Spoke or Tension Element. Thin metal strip that stores impact energy in tension
and is mounted radially in the head. The spokes are generally made of titanium
for its high strength to weight ratio.
Layers or Hoops. A planar cluster of spokes.
Outer Structure. Circumferential structure that supports the outer ends of the
spokes.
Face. Region of the head where the ball impact occurs.
Center Shaft. Beam that lies along the axis of the head which connects the face to
the center of each layer.
Spacer. Material used to separate layers to prevent sliding friction. Often used on
the center and perimeter of each layer.
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4.3

System Characteristics Affecting COR
Moving mass and dynamic effective face stiffness are predicted to have the

most influence on COR. Whitezell and Woolley refer extensively to moving mass.
Whitezell uses moving mass and face stiffness2 (defined in Newtons per cubic meter)
as design variables in lumped mass models. However, due to a number of reasons
discussed below, these are difficult to quantify in more complex models and therefore
are considered to be unsuitable design variables for this work. New design parameters
are defined below for this work.
4.3.1

Moving Mass
In the response surface optimization referred to above, Whitezell varied moving

mass by using an important assumption. Moving mass was defined as the amount
of head mass that moves proportionally with the face. This assumption is readily
apparent when referring to lumped mass models [4]3 . On impact, the face and center
shaft are displaced axially causing tension in the spokes which accelerate the outer
structure. The entirety of the face and center shaft and a portion of the spokes
contribute to the moving mass. Only a portion of the spokes contribute to moving
mass because the axial displacement of the spokes varies with radial location. To
quantify the moving mass in FEA models, Whitezell contributed one third of the
spoke mass plus the entire mass of the face to the moving mass [4]4 (see Figure 4.3).
This assumption is based on vibration theory of a small-deflection cantilever beam
operating at a frequency close to its first mode. However, in the tension-spoke concept,
there is a high-deflection, fixed-guided beam operating in higher modes. Because
higher modes can be excited in the spokes on impact, moving mass is not constant
and is difficult to quantify making it an unsuitable design variable. These higher
modes can be seen in Figure 4.2 where the magnitude of beam curvature is displayed
with darker shades. Moving mass is most likely a function of one or more variables
including face displacement.
2

see especially Chapter 8
see especially page 17
4
see especially page 71
3
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Figure 4.2: Higher order mode spoke excitation indicated by beam curvature
(darker regions) of spokes during impact.

This challenge can be resolved by creating models with true spoke geometry
and properly scaled spoke density. Whitezell’s moving mass variable is replaced with
the variable, face mass. In this work, face mass is defined as the mass that displaces
the same amount as the face. In other words, the mass of the face, center shaft, and
center portion of the layers. See Figure 4.3 for a schematic comparison of moving
mass and face mass.
4.3.2

Dynamic Effective Face Stiffness
Dynamic effective face stiffness is the stiffness of the face from the ball’s frame

of reference. Dynamic effective face stiffness is affected by many geometry and mass
parameters and the state of the system making it difficult to quantify.
Statically, the face stiffness is affected by geometry. For example, face stiffness
decreases with increasing spoke length but increases with increasing spoke width,
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M oving M ass

Face M ass

Figure 4.3: Schematic comparison of moving mass and face mass

thickness, and total number of spokes. Furthermore, the static face stiffness is nonlinear due to the nature of loading the spokes in tension. Initially, the face is very
compliant because the spoke strain is minimal when compared to face deflection.
However, face stiffness increases rapidly with continued face deflection because the
spokes experience significantly more strain. Dynamically, quantifying face stiffness is
further complicated when higher order modes in the spokes are excited because the
spokes are no longer loaded in pure tension.
The mass of the components also has an effect on the dynamic effective face
stiffness. For example, initial dynamic effective face stiffness will generally increase
with more face mass because more mass must be accelerated.
Because dynamic effective face stiffness is non-linear and affected by geometry
and mass, the state of the system is important. For example, dynamic effective face
stiffness will vary with impact speed although it is not investigated in this work.
Geometry variables such as spoke length, spoke thickness, and spoke cross
sectional area are used in this work to vary dynamic effective face stiffness.
Mass and geometry features of the dynamic model are summarized in Table 4.1.
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Table 4.1: Phase one dynamic club model
Total mass (grams)
Face mass (grams)
Spoke length (millimeters)
Spoke thickness (millimeters)
Spoke width (millimeters)
Spoke cross sectional area (millimeter2 )

4.4

summary
206.26
11.78
34.7
0.0762
3.0
284

Modeling Assumptions
The assumptions in phase one are made on several premises. First, only the

spoke geometry is significant in predicting dynamic effective face stiffness. The compliance of the outer structure, interfaces, and other components can be neglected.
Second, models should be simplified using symmetry to increase computational efficiency. Third, hardware can be created that matches models very closely. Nearperfect interfaces and near-perfect tolerances are achievable. The assumptions based
on these premises in phase one models are presented below:
1. The face and outer support structure are rigid.
2. Spoke density and material stiffness are scaled to reduce the number of nodes
and elements for computational efficiency. Five model layers (hoops) represent
124 actual layers. Thus, the scaling factor becomes 24.8 (124 divided by 5).
The density and modulus of elasticity of the spoke material are scaled by this
factor. Thickness is not scaled. With this approach the assembly has the correct
cumulative mass and stiffness while maintaining proper bending stresses in the
spokes. It should be noted that the resulting stress is also scaled by 24.8,
but is easily factored out since the material is assumed to have linearly elastic
properties. A single hoop model with a scaling factor of 124 was made using
this approach and was compared to a five hoop model. The comparison resulted
in a small difference in COR: 0.8020 (single hoop) and 0.8033 (five hoops).
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Figure 4.4: Half section phase one head with deformable layer centers (dark region)

3. Equal initial spoke tension. Prior to impact, each spoke has exactly zero tension
and is completely flat.
4. Material properties. Spokes are modeled with a density of 4.50e-9 g/mm3 , and a
modulus of elasticity of 110 GPa. Many beta titanium alloys exhibit a modulus
of elasticity that is dependent on heat treatment. The modulus of elasticity of
TIMET 15-3 [19] varies from 70 to 107 GPa depending on its heat treatment.
The density of the same material is listed as 4.78e-9 g/mm3 .
5. Deformable hoop center. The center of each layer (where the spokes intersect)
is deformable (see dark shaded regions of Figure 4.4) with the same material
properties as the spokes. Force from the center shaft is transmitted to each
layer through a single node because the center shaft is modeled with 2-node
beam elements.
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4.5

Predicted Performance of the Selected Design
The model represented in Table 4.1 predicts a COR of 0.826 and a contact

time of 560 microseconds. Maximum Mises stress is 1451 MPa at the outer ends of
the spokes.
For model validation, the face mass and total mass of the model can easily be
adjusted to match hardware.
4.6

Summary
This chapter summarizes phase one models similar to Whitezell’s FEA models.

Validation hardware is presented next to test the assumptions of phase one models.
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Chapter 5

Phase One Dynamic Testing and Validation

Validation hardware was created to validate phase one dynamic models and
confirm modeling assumptions; this hardware can be seen with component labels
in Figure 5.1. This chapter presents hardware fabrication challenges, details of the
hardware, dynamic experimentation, and model validation.
5.1

Validation Hardware
The usage of multiple thin layers creates several fabrication challenges that can

be a source of discrepancy between models and hardware if not properly addressed.
Construction of the first tension-spoke validation hardware helps to identify unforeseen difficulties that must be overcome and understood to create correlation between
models and hardware.
5.1.1

Fabrication Challenges
Assembly challenges can have a significant effect on hardware performance and

therefore decrease correlation with FEA models. There are several unique assembly
challenges because of the material thickness and quantity of parts. These challenges
include:
Spoke tensioning. Models assume zero initial spoke tension. Variation in spoke
tension will result in unpredictable face stiffness and unequal load sharing between spokes.
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End ring

Figure 5.1: Phase one validation hardware
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Over-constraints. Each titanium layer is over constrained because there are twenty
holes and fasteners to locate three degrees of freedom. The function of the excess
pins and screws is to support the reaction forces at the end of each spoke.
These over-constraints can cause variation in spoke tension and therefore alter
performance.
Spoke end fixing. The tensile forces in the spokes must be supported through
proper spoke end fixing and transferred to the supporting outer structure. Any
slippage will affect spoke tension and can create friction which in turn reduces
performance.
5.1.2

Component Details
The details of each component are presented below and shown schematically

in the cross section of Figure 5.2:
Hoops. A single hoop can be seen in Figure 5.3. The hoops are stamped from 0.0762
millimeter thick titanium 15-3-3-3 and solution treated in a vacuum furnace at
750◦ C for 5 minutes and aged at 500◦ C for 4 hours. Titanium 15-3-3-3 is used
because of its availability in foil form and its favorable mechanical properties.
Drawings specify a clearance fit of 0.02 millimeters between the pin and holes
in the hoops, end rings, and annular rings. Each hoop has an outer annulus.
There are ten spokes in each hoop.
Spacers. Commercially pure aluminum spacers 0.0762 millimeters thick are used to
separate hoops along the center shaft and outer annulus. These spacers are
used to prevent contact between layers which could cause frictional losses.
Pins and socket head cap screws. The outer support structure is clamped together with ten pins and ten socket head cap screws. Only the ends of the pins
are threaded so the structural elements and hoops are supported in bearing by
a smooth cylindrical surface. The pins are made of 2.85 millimeter diameter O1
tool steel, solution treated in a vacuum furnace at 788◦ C for 10 minutes and
25
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Figure 5.2: Phase one validation hardware cross section (shown approximately full
scale)
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Outer annulus

Spoke

Figure 5.3: Phase one single layer (shown approximately full scale)

tempered at 232◦ C for 10 minutes. This yields and estimated hardness of 63
RC. In addition, ten 4-40 UNC socket head cap screws run through the outer
structure located radially between each pin (see Figure 5.1). These screws are
used to increase the axial clamping force in the outer structure.
End rings. The front and back of the assembly are capped with 7075-T6 aluminum
end rings with an L-shaped cross section. These rings support the tensile forces
of the spokes. Aluminum is used instead of titanium because of its lower density.
Face, center shaft, and clamping bolt. The titanium 6-4 face and center shaft
are one piece and run through the central axis of the structure. A shoulder
behind the face transmits axial force from the face to the hoops. The center
shaft extends slightly beyond the last hoop and is surrounded by a tubular
spacer that extends past the end of the center shaft. The spacer and shoulder
clamp the hoops together by a bolt that runs through the spacer and threads
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into the end of center shaft. This configuration is used to clamp the center of
the hoops together and transmit axial force equally to all hoops.
Annular aluminum rings. The 124 hoops are divided into three clusters separated
by two 7075-T6 aluminum rings. These rings add additional support to the end
rings, pins, and bolts.
5.2

Dynamic Experimentation and Validation
The main objective of phase one dynamic testing is to understand which mod-

eling assumptions are valid. This testing reveals differences between models and
hardware to facilitate creating better performing hardware and higher fidelity models.
5.2.1

Procedure
Dynamic testing is performed in a pneumatic ball cannon. COR is determined

by measuring inbound and outbound ball velocities. Since the masses of the ball and
club head are known, COR can be determined from Equation 5.1. Ball velocity is
determined by measuring the time required for the ball to travel between two laser
sheets separated by a known distance. The club is initially at rest but is free to move
on impact. Testing occurs at the industry standard impact velocity of 48.7 meters
per second (109 miles per hour) at the center of the face.
mball
COR =
mclub


5.2.2



vout
vout
1+
+
vin
vin


(5.1)

Model Validation
Measured and predicted COR results are summarized in Table 5.1. The pre-

dicted COR is obtained by increasing the total mass and face mass of the model to
match the validation hardware.
The experimental COR results are significantly lower than the predicted values. High speed video at 15000 frames per second of the testing reveals ball contact
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Table 5.1: Phase one model validation
Measured
Predicted
Total mass (grams)
343.6
343.999
Face mass (grams)
19.25
19.21
Number of impacts
10
n/a
Contact time (microseconds) 600-700
640
Mean COR (σ)
0.7507 (0.0065) 0.805

times between 600 and 700 microseconds. Phase one model simulations predict a
contact time of 640 microseconds. The difference between predicted and measured
COR can be attributed to unpredicted hardware compliance and energy loss.
Unpredicted Hardware Compliance
In order to investigate the causes of discrepancy in dynamic validation, static
testing was performed. Static testing shows that the hardware is more compliant than
the FEA models. Figure 5.4 compares measured to predicted static face stiffness.
Static testing revealed the following:
1. The compliance of the outer structures cannot be ignored. The annulus of each
layer buckles when loaded statically as seen in Figure 5.5. It is assumed that
this also occurs when loaded dynamically.
2. The uneven spoke tension is potentially significant. Each layer is highly overconstrained by ten tightly fitting pins (one at the end of each spoke), ten socket
head cap screws (one between each pin), and the center shaft. When combined with warped layers due to heat treating, these over-constraints cause
some spokes to have pre-tension while others have no tension until the face is
deflected.
3. Material properties should be well known. Spokes are built with heat treated
Ti 15-3-3-3. The modulus of elasticity of this alloy varies significantly with heat
treatment from 70 MPa to 107 GPa [19].
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Figure 5.4: Phase one predicted and measured static face stiffness

Figure 5.5: Annular buckling of phase one hardware under loading. Although
this hardware does not have socket head cap screws, similar buckling occurs
when socket head cap screws are included.
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Figure 5.6: Phase one static energy loss testing

These characteristics correspond directly to assumptions made in Section 4.4
and show that three of the five assumptions are invalid.
Unpredicted Hardware Assembly Energy Loss
In addition to unpredicted compliance, another reason for lack of correlation
between models and hardware is unpredicted energy loss in the hardware. Although
the models assume zero energy loss in the club head, the prototypes do exhibit energy
loss due to friction in the outer structure. Any frictional energy loss in the club
assembly will degrade performance and reduce model accuracy because no friction is
included in the club model definition (except the ball to face contact region). Phase
one static assembly testing shows energy loss during loading and unloading of the
club face as in Figure 5.6.
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The loading/unloading cycle always follows a clockwise direction as indicated
in Figure 5.6; the amount of energy required to load the club is greater than the
amount of energy returned on unloading. This energy loss can be quantified by
comparing the integral of the loading force-displacement curve to the integral of the
unloading force-displacement curve. Typical energy loss in the phase one prototype
assembly is approximately 14%. The energy loss can most likely be attributed to
multiple factors including:
1. Anelasticity1 of the titanium spokes, although this affect might not be significant
in high speed impact. 5-7% energy loss is present in static loading and unloading
of a commercial titanium golf club head. This value is used as a benchmark to
determine the static threshold energy loss that can be attributed to titanium
anelasticity. If static energy loss is at or below this value, it is assumed to be a
material phenomenon that is negligible in dynamic impact.
2. Sliding friction at the layer-to-spacer interface at the center and/or outside of
each layer. The annular buckling seen in Figure 5.5 suggests that sliding friction
occurs at these annular areas.
5.3

Modeling and Hardware Implications
Phase one reveals invalid modeling assumptions and assembly issues that must

be addressed in greater detail to meet validation and performance objectives. Phase
two approaches these challenges by creating higher fidelity models and modifying the
hardware configuration. The four specific challenges revealed in phase one that must
be addressed are:
1. Unpredicted compliance in the outer support structure and hoop annulus
2. Uneven spoke tension

1

see Dieter [20] pages 434 to 438 for a more complete discussion of anelasticity
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3. Assembly energy loss
4. Ambiguous material properties
The challenges identified in this chapter will be resolved in the hardware design
and modeling approach of phase two.
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Chapter 6

Phase Two Design and Models

Phase one revealed that three of the five initial modeling assumptions required
adjustment. Phase one models predict a COR of 0.805 but dynamic experimentation
revealed an actual COR of 0.751. This disparity can be explained by discrepancies
between hardware behavior and model assumptions. The following must be overcome
in phase two to better predict the behavior of tension-element golf clubs:
1. Unpredicted compliance of the hardware due to:
(a) Unequal spoke tension
(b) Ambiguous material properties
(c) Deflection of the outer structure and hoop annulus
2. Frictional energy loss. This energy loss can most likely be attributed to sliding
friction at the clamped interfaces.
Geometry and modeling changes are used to solve these discrepancies.
6.1

Geometry Changes
Phase two of the tension-spoke golf club test hardware incorporates several de-

sign changes to increase club head performance and to better validate models. These
changes are motivated by results from phase one modeling, fabrication of hardware,
and experimentation. These changes are implemented to:
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Figure 6.1: Phase two hardware

1. Reduce spoke tension variation
2. Establish material properties
3. Reduce internal frictional energy loss
To accomplish these objectives, the hardware incorporates several changes as
can be seen in Figure 6.1 and described below:
Reduced number of spokes per layer. The number of spokes per layer in phase
two has been reduced from ten in phase one to two. This results in a layer as
shown in Figure 6.2. Spoke width has been increased from 3 millimeters to 6
millimeters and the outer annulus in each layer has been removed. There is a lug
at the end of each spoke to support the tensile forces in the spokes. Reducing
the number of spokes per layer reduces spoke tension variation by decreasing
the number of constraints on each layer. Each layer in phase two is constrained
by only two clamping bolts and the center bolt.
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Center

Lug

Spoke

Figure 6.2: Single phase two layer with two spokes per layer (shown
approximately full scale)

Orthogonally oriented layers. There are 36 degrees of separation between spokes
in phase one with identically oriented layers with spacers at the center and
annulus between each layer to prevent spokes from rubbing between layers. In
phase two, there are 180 degrees of separation between spokes in each layer, but
alternating layers are oriented orthogonally. Spacers are only required at the
outer ends (lugs) of each spoke.
Increased spoke thickness. Spoke thickness is increased from 0.0762 millimeters
to 0.3822 millimeters. Although this increases bending stress, higher frequency
modes should not be excited due to the increased stiffness of each spoke. Spoke
tension variation is reduced by increasing the spoke thickness which reduces the
amount of flexibility in each layer permitting each layer to lie flatter while being
assembled. In addition, because spoke thickness is increased, Ti 6-4 can be used
which has better known material properties, has a higher yield strength, is less
dense, and does not require heat treatment when compared to Ti 15-3-3-3.
Increased clamping force. To reduce interfacial sliding friction, more clamping
force is generated with larger clamping bolts at the end of each spoke. The
pins in phase one with a diameter of 2.85 millimeters and 4-40 UNC threads
have been replaced in phase two with 3/8-24 UNF grade 8 hex bolts with a
9.45 millimeter diameter shank. The larger clamping bolts increase clamping
force approximately five times per square millimeter of spoke cross sectional
area. In addition, the removal of the outer annulus in each layer eliminates
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Figure 6.3: Phase two 20 millimeter spoke length final head mesh with fillets and
quarter symmetry

the possibility of sliding friction occurring between layers in the outer clamped
region.
These geometry changes are meant to provide increased hardware performance
and better correlation with FEA models.
6.2

Modeling Changes
Phase two models reflect the geometry changes presented above. In addition,

phase two models are distinguished by quarter symmetry, a deformable outer structure
and face, and two spokes per layer. A final meshed phase two head model with a 20
millimeter spoke length is shown in Figure 6.3. The objective of phase two modeling
is to predict the behavior of tension-element golf clubs.
Hexahedral elements are used for solid regions throughout the club. The face
and outer structure are 8-node linear brick reduced integration elements with hourglass control. The spokes are composed of 4-node, quadrilateral, stress/displacement
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shell elements with reduced integration and a large-strain formulation. When included, fillets at the outer end of each spoke are modeled with 3-node shell elements.
X and Y symmetry boundary conditions on the club and ball are used to enable
quarter symmetry.
6.2.1

Design Variable Selection
Original phase one models predict a COR of 0.826 at a spoke length of 34.7

millimeters, a face mass of 11.78 grams, a spoke thickness of 0.0762 millimeters, 10
spokes per layer, and 124 layers. Although the topology of phase two is a departure
from phase one topology, the fundamental tension-spoke concept remains unchanged.
This work does not address design variable value selection in phase one because it is addressed by Whitezell [4] by investigating spoke length and moving mass.
However, new models are created in phase two with more accurate assumptions than
phase one. Therefore, phase two models attempt to better predict performance, but in
so doing, new geometry is created necessitating the investigation of design variables.
Four design variables are investigated in phase two:
Spoke length. Face stiffness is controlled mostly by spoke length.
Spoke thickness. Spoke thickness significantly affects the natural frequency of the
spokes and the non-linearity of the face stiffness. There are potential performance benefits if higher order modes of the spokes are not excited by reducing
the amount of residual energy in the head.
Face mass. COR is highly affected by the face mass because of its influence on
dynamic response.
Target spoke cross sectional area. The number of layers is determined by the
target cross sectional area of the spokes which can be changed if necessary to
alter stress levels. Because spoke width, spoke thickness, and number of spokes
per layer are fixed values for a given design, a discrete number of layers are
chosen that most closely matches the target spoke cross sectional area.
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6.2.2

Iterative Modeling Approach
The above mentioned variables are assumed to have the greatest affect on

the performance of the mechanism. A semi-iterative approach is required to select
final parameter values because these variables are highly correlated. For example,
the lowest feasible face mass is a function of the target spoke cross sectional area
(which drives the number of layers) which is mainly driven by stress values. However,
the resulting stress values are related to the selected values of the other variables.
To approach this problem and to facilitate data plotting, two modeling iterations
are used. In the first iteration, spoke length, spoke thickness, and face mass are
investigated at a fixed target spoke cross sectional area. A feasible-to-fabricate and
reasonable performing design (COR of approximately 0.8 or greater) is then selected
for the second and final iteration where face mass and target spoke cross sectional
area are varied at a fixed spoke length and spoke thickness. In the final iteration,
models with slightly greater detail are used to more accurately represent features
of the final validation hardware including final total mass and fillets on the spokes.
Validation hardware is built and tested based on these second iteration models.
6.3

First Iteration Models for Contour Plots
First iteration models are used to investigate spoke length, spoke thickness,

and face mass. Target spoke cross sectional area is fixed at 400 mm2 . Spoke thickness
and face mass are easily parameterized by varying the spoke shell thickness and
material densities in the model definition. However, a separate mesh is required to
model each spoke length. For this reason and for reasons of display, individual contour
plots are generated for each spoke length.
6.3.1

Model Details
Details of the first iteration models are presented below:

• The number of nodes and elements in the head varies depending on spoke length
but varies from 7013 to 8574 and 5314 to 6613, respectively.
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• There are no fillets in the model on the spokes near the clamped interfaces
although there are fillets in the validation hardware.
• The quarter symmetry head model has a mass of 50 grams which represents a
full head model with a mass of 200 grams.
• Spoke material properties are similar to heat treated properties for Ti 15-3-3-3.
Namely, density is 4.78e-9 tonnes/mm3 and the modulus of elasticity is 110
GPa.
• The outer structure is one piece and has a thickness of 24 millimeters whereas
the hardware has two 6 millimeter thick parts (see Figure 7.1), one at each end
of the stack of layers. The modulus of elasticity of the outer structure is 68.9
GPa and the density is scaled to create a quarter symmetry head mass of 50
grams.
• The face geometry is simplified. More complex geometry is used in the hardware
to reach the desired face mass. The modulus of elasticity of the face is 110 GPa
and the density is scaled to obtain the desired face mass.
• The face contact surface is node based.
6.3.2

Modeling Assumptions
The first iteration models assume the following:

• All interfaces are perfectly clamped and there is no spoke deformation in the
clamped regions of the lug and at the center shaft. The shell element (spokes) to
solid element (outer structure) interface has fixed rotational degrees of freedom
creating a rigid joint.
• Spoke density and modulus of elasticity can be scaled so only two layers need to
be modeled regardless of how many layers are actually included in the hardware.
This does cause unrealistic stress concentrations in the outer structure and
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center shaft because tensile force at the interfaces is concentrated over a much
smaller area but the effects are assumed to be negligible.
• Bolt bending compliance is similar to the compliance of the outer structure;
therefore, the clamping bolt does not need to be modeled because the compliance of the outer structure is included.
6.3.3

Resulting First Iteration Model Contour Plots
Resulting contour plots are shown in Figure 6.4 for spoke lengths of 15, 20,

and 25 millimeters with a target spoke cross sectional area of 400 square millimeters.
In each contour plot, face mass ranges from 12-32 grams and spoke thickness ranges
from 0.0762 millimeters to 2.0762 millimeters. Each contour plot is generated from
twenty-five data points, five in each direction. COR and maximum Mises stress in
the head is shown.
6.3.4

Selected Spoke Thickness and Spoke Length Values
Over the range studied and at a target spoke cross sectional spoke area of

400 mm2 , a maximum COR of 0.826 is found at a spoke length of 20 millimeters,
a spoke thickness of 1.0762 millimeters, and a face mass of 12 grams. The contact
time for this point is 473 microseconds. Maximum stress in this design is 2121 MPa.
However, the lowest feasible face mass is approximately 16 grams (but varies with
other parameters) and material in small quantities is only available in discrete sizes
so the feasible region is smaller than the area represented by the contour plots. With
these constraints, the optimal feasible design yields a COR of 0.794 at a spoke length
of 20 millimeters, a nominal spoke thickness of 0.4064 millimeters, and a face mass
of 16 grams. This design is further investigated in the next iteration of modeling by
varying face mass and target spoke cross sectional area.
6.3.5

Maximum Allowable Stress
Maximum Mises stress in each of the contour plots is well above the yield

strength of Ti 6-4 which is approximately 1035 MPa [19]. In these models, the
42

COR

Max Mises Stress (MPa)
15 mm spoke length

2
0.77
0.78
0.79

1.5
0.8

1

0.81

0.5
0.8
0.78
0.79
15
20
25
30
Face Mass (g)

Spoke Thickness (mm)

Spoke Thickness (mm)

2

1.5
1

900

1100
1300
1500
1700
1900
2100
2300
2300
2100

0.5
1900

15

1700
20
25
30
Face Mass (g)

20 mm spoke length

0.81

0.8

0.5
15

9
0.7

8
0.7 0.77 .76 5
0 0.7

20
25
Face Mass (g)

Spoke Thickness (mm)

1.5
1

2

0.79

0.82

Spoke Thickness (mm)

2

1300

1500
1700
1900
2100

1.5
1

2100
1900
1700

0.5

30

15

20
25
Face Mass (g)

30

25 mm spoke length

2
Spoke Thickness (mm)

Spoke Thickness (mm)

2
0.8

1.5

8
0.7 0.76 4
0.7 .72
0
0.7

1
0.5
15

20
25
Face Mass (g)

30

1700

1.5

1900
2100

1
0.5
15

2100
1900
1700
1500
20
25
Face Mass (g)

30

Figure 6.4: COR and maximum Mises stress contour plots for first iteration phase
two models at various spoke lengths
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Figure 6.5: Localized spoke stress in a first iteration model: 20 millimeter spoke
length, 0.4064 millimeter spoke thickness, and 16 gram face mass

maximum stress is localized and always occur in elements at the shell to solid interface
as in Figure 6.5 which displays higher stress with darker shades. However, it is
presumed that general stress experienced by the spokes is less because the boundary
of the spokes to the solid structures is not completely rigid as it is modeled and
fillets are not included in the mesh of these models. These two factors should reduce
general stress in the spokes. 2300 MPa has been selected as a target maximum
allowable localized Mises stress.
6.4

Final Iteration Models for Contour Plots
Although the selected Ti 6-4 sheet nominal thickness is 0.4064 millimeters,

the actual hardware average thickness of the material acquired is 0.3822 millimeters;
therefore, final model spoke thickness is fixed at 0.3822 millimeters and spoke length
is 20 millimeters. In the final modeling iteration, more detailed models are used
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to investigate face mass and target spoke cross sectional area. The final head mesh
(Figure 6.3) is composed of 7373 nodes and 5663 elements (180 quadrilateral elements,
8 triangular elements, and 5475 hexahedral elements).
6.4.1

Modeling Details
The final model used for this investigation and for validation purposes is similar

to the first iteration models used to create contour plots with the following exceptions:
• Spoke thickness is fixed at 0.3822 millimeters.
• Spoke length is fixed at 20 millimeters.
• There are fillets on all the spoke ends. The fillets closest the outer structure are
S3R elements.
• The full head mass has increased from 200 grams to 431.5 grams to more closely
match the validation hardware.
• Spoke material properties are those of Ti 6-4.

Namely, density is 4.48e-9

tonnes/mm3 and the modulus of elasticity is unchanged at 110 GPa.
• The face geometry is identical to the validation hardware except there is no
fillet on the shoulder to face transition.
• The face contact surface is element based.
6.4.2

Resulting Final Iteration Model Contour Plots
Contour plots to show COR, contact time, maximum Mises stress, and peak

face deflection according to face mass and target spoke cross sectional area are shown
in Figure 6.6. The bold line in each plot distinguishes the feasible region. The area to
the upper left is infeasible because the face mass cannot be achieved with the current
configuration. The lowest feasible face mass is directly related to the number of layers
used. Therefore, the selected design is from the feasible region in the lower right.
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Figure 6.6: Contour plots for final iteration phase two models with various face
masses and target spoke cross sectional areas: 20 millimeter spoke length,
0.3822 millimeter spoke thickness, and 431.5 total head mass. The upper
left region in each plot is infeasible because of mass constraints.
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6.4.3

Final Parameter Value Selection and Results
The final model geometry to be used for validation and analysis results are

summarized in Table 6.1. The density of the Ti 6-4 used for the spokes was found to
be 4.42e-9 tonnes/mm3 . This model yields a COR of 0.796. Peak face deflection and
contact time are predicted to be 3.43 millimeters and 525 microseconds, respectively.

Table 6.1: Phase two final model used for experimental validation
Total mass (grams)
431.5
Face mass (grams)
16.3
Spoke length (millimeters)
20.0
Spoke thickness (millimeters)
0.3822
Spoke width (millimeters)
6.0
2
Target spoke cross sectional area (millimeter )
385.3
Ti 6-4 spoke material density (tonnes/millimeter3 ) 4.42e-9
COR
0.796
Contact time (microseconds)
525
Face deflection (millimeters)
3.43
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Chapter 7

Phase Two Dynamic Testing and Validation

7.1

Validation Hardware
Hardware to validate phase two final models is shown in Figure 7.1 with labels

identifying key components.

Spoke

Clamping
bolt

Center
bolt

Face

Clamping
washer

Outer
structure

Figure 7.1: Phase two validation hardware
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The geometry and features of this hardware match final models as closely as
possible. Two faces were made and tested to validate the model at multiple points.
The lighter face design is labeled A and the heavy face design is labeled B. A comparison of models and hardware is shown in Table 7.1.

Table 7.1: Phase two model
Model A
Total mass (grams)
431.5
Face mass (grams)
16.3
Spoke length (millimeters)
20.0
Spoke thickness (millimeters) 0.3822
Spoke width (millimeters)
6.0
Target spoke cross sectional
385.3
area (millimeter2 )

7.1.1

and hardware
Hardware A
431.5
16.3
20.0
0.3822±0.05
6.0
385.3

comparison
Model B Hardware B
436.2
436.2
20.6
20.6
20.0
20.0
0.3822
0.3822±0.05
6.0
6.0
385.3
385.3

Component Details
Details of each component are outlined as follows:

Layers. The layers are milled from Ti 6-4 with a nominal thickness of 0.4064 millimeters. Actual average thickness is 0.3822 millimeters. The lug holes are reamed
to 9.50 millimeters.
Spacers. The spacers are milled and made of the same material as the spokes. The
holes are reamed to 9.50 millimeters.
Outer structures. There are two outer structures, one on either side of the stack
of layers. Each outer structure is 6 millimeters thick and made of 7075-T6
aluminum. The holes for the clamping bolts are reamed to 9.50 millimeters.
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Clamping washers. Two 3.18 millimeter thick washers made of 4140 steel are used
on each clamping bolt to distribute the clamping force evenly onto the aluminum
outer structures.
Clamping bolts. The clamping bolts have a shank diameter of 9.45±0.03 millimeters with 3/8-24 UNF threads. This shank diameter provides 0.05±0.03 millimeters of clearance with the layers, spacers, and outer structures. The shank
extends through the front clamping washer, front outer structure, layer and
spacer stack, and partially through the rear outer structure. The clamping
bolts are tightened to 56.5 Newton-meters. Nyloc nuts secure the clamping
bolts.
Faces and center bolt. Two faces are made to provide two different face masses.
The faces are made of Ti 6-4 and the center bolt is a socket head cap screw.
Through threads are used in the face to maximize thread engagement with the
center bolt. The center bolt terminates approximately one millimeter below the
face surface (see Figure 7.1).
7.1.2

Supporting Spoke Tensile Forces with Hardware
Models assume perfectly rigid interfaces of the assembly; however, this ideal-

ization is difficult to attain with hardware. The lugs, washers, and clamping bolts
must support large tensile forces with high locational accuracy. Insufficient support
will result in energy loss through sliding friction between layers. Poor locational
accuracy will result in uneven spoke tension which can cause spoke pre-load or buckling which will result in a bistable face. This challenge is approached by using large
clamping bolts to create high clamping force and minimizing the amount of clearance
between the lug holes and clamping bolts to reduce the amount of slipping if the
clamping force is insufficient while maintaining assemblability. Slippage or yielding
is easily detected after loading by buckled spokes and/or bistability of the face. To
distinguish between slipping at the interface and yielding of the spokes, the hardware
is disassembled and the flatness of the spokes is inspected.
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Figure 7.2: High speed video screen grab of impact at near peak face deflection

Table 7.2: Phase two model validation
Predicted A Measured A Predicted B
Number of impacts
n/a
8
n/a
Mean COR (σ)
0.796
0.796(0.006) 0.792
Contact time (microseconds) 525
475±50
543
3.49
Face deflection (millimeters) 3.43
1.70+0.10
−0.20

7.2

Measured B
10
0.797(0.004)
450±50
1.875+0.125
−0.175

Dynamic Experimentation and Validation
Phase two dynamic testing occurred in the same fashion as phase one. A

pneumatic COR cannon is used to launch a golf ball at the stationary club head at
an impact velocity of 48768 millimeters per second (109 miles per hour). The impact
can be seen in Figure 7.2 which is a screen grab of a high speed video at 19000 frames
per second.
Table 7.2 summarizes the phase two model validation. As in Table 7.1, the
lighter face design is labeled A and the heavy face design is labeled B
Phase two COR predictions correspond very closely to measured data with
less than one percent error. However, there are significant discrepancies between
predicted and measured values of face deflection in both cases and contact time in
case B.
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Figure 7.3: Phase two validation hardware after impact testing. The offset face is
caused by slippage at the lug interfaces and yielding of the spoke centers.

Each hardware club configuration was impacted multiple times. Slipping at
the lug interfaces and slight yielding at the center of the layers occurred in the first
impact resulting in a stable face position with an offset of 1.5 millimeters as can be
seen in Figure 7.3. Subsequent testing and the values reported in Table 7.2 occurred
with the face in this post deflected state. The 1.5 millimeter face offset corresponds
to a change in lug hole to center hole center-to-center distance of 0.056 millimeters.
This change in spoke length is a product of insufficient friction on the lugs. The lugs
slipped until they came into contact with the shank of the clamping bolts. The 0.056
millimeter change in spoke length can be accounted for by the clearance between
the clamping bolt shank and the lug holes, spacers, and outer structure which is
0.05±0.03 millimeters each.
The discrepancy between predicted and measured contact times and face deflection can be reasonably accounted for by the slipping at the lug interfaces and the
resulting change in initial face stiffness. Face stiffness is controlled by the ratio of face
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deflection to strain energy in the spokes. The initial face stiffness of the models is low
relative to face stiffness at peak deflection because geometry dictates that the spokes
experience little strain initially. Because the face is offset, the initial face stiffness
is greater than predicted due to geometry1 . Increased initial face stiffness reduces
contact time and reduces faces deflection accounting for the over-predicted contact
time and face deflection.
Although slipping occurred at the lug interfaces, COR measured and predicted
values are similar. This has several possible inferences. First, COR is not directly related to contact time and face deflection particularly when face stiffness is non-linear.
Second, the initial compliance of the face does not necessarily influence performance.

1
To further investigate the effects of the face offset in the validation hardware, the static face
stiffness of the hardware with the offset is compared to the predicted static face stiffness in Figure A.2
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Chapter 8

Conclusions and Recommendations

This chapter summarizes the knowledge gained from this work for predicting
the behavior of the tension-element concept in golf clubs. In addition, it conveys recommendations to evaluate the usefulness of the tension-element concept in golf clubs.
Suggestions to further develop the concept are also given. Finally, recommendations
are provided for more fundamental research to create deeper understanding of golf
club impact that can lead to higher performing clubs.
8.1

Conclusions
The objective of this thesis has been accomplished. Namely, high fidelity FEA

models have been created and validated to predict performance of the tension-element
golf club. Two models have been created with predicted COR of 0.796 and 0.792.
Experimentally, the COR were found to be 0.796 and 0.797, respectively, which results
in 0% error in case A and 0.63% error in case B (see Table 7.2).
Hardware challenges have been identified through two complete phases of modeling, prototyping, and dynamic experimentation. Validation hardware has proven
the feasibility of the tension-element concept; however, specific hardware challenges
were uncovered which must be solved to proceed with the development of the tensionelement concept for use in golf clubs.
8.1.1

Modeling Considerations
This work presents a process of modeling and experimentation to arrive at a

verified predictive model of the tension-element mechanism for use in golf clubs. A
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summary of the learnings to correctly predict the behavior of tension-element mechanisms is presented below:
Component compliance. Phase two demonstrated that the compliance of the outer
structure should be included in the model definition to more accurately represent the end conditions of the spokes.
Proper mass definitions. Moving mass is not always constant and must be accounted for when defining parameters and models.
Ball model accuracy. This work uses an existing ball model that has been validated in the golf club industry. The results of the head model would have little
significance without a proper ball model.
Material scaling. Material density and modulus of elasticity scaling is appropriate
and can be used with care. Material thickness should not be scaled to maintain
correct bending stiffness. The calculated stress will also be scaled so the material
must be defined as a linearly elastic material.
Material properties. Some titanium alloys have variable modulus of elasticity depending on heat treatment. The material properties must be well known.
Simplified models. Simplified models such as lumped-mass and spring-element models are not accurate enough past the selection of the basic configuration.
Assembly modeling details. Modeling of the head assembly requires high detail
to be accurate. This is especially true when modeling interfaces between parts
and the spoke tension because both of these characteristics can have a significant
impact on performance, but are difficult to achieve in a near-perfect sense in
the hardware.
Internal material losses. There is a possibility of internal energy losses in titanium. These losses have been found in static testing.
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Force-deflection curve shape. The shape of the force-deflection curve has a great
influence on club performance. It cannot be determined at this time which
characteristics are desirable to achieve optimal performance.
Current configuration. Model optimization drove toward the current configuration. The selection of the tension-spoke concept and parameter values in this
work are a result of a series of small optimization routines. Much more optimization work can be done and will perhaps lead to higher performing designs.
8.1.2

Benefits of the Tension-Element Concept
The benefits of the tension-element concept include:

Large COR region. The tension-element mechanism should provide a geometrically large high-COR region because of the inherent ability of the face to deflect
coaxially even in off-center shots.
New design parameters. Several key design parameters have been identified in
this thesis. These parameters offer new features to be manipulated to increase
performance.
Tuneability. This mechanism also exhibits promise for tuneability. The design lends
itself to modularity which facilitates tuning of club properties such as face stiffness.
8.2
8.2.1

Recommendations
Evaluation and Continuation of the Tension-Element Concept
Despite the advantages of the tension-element concept, to pursue development

of the tension-element concept, it must first be shown capable of achieving higher
performance than was found in this work. Traditional titanium metal woods are able
to achieve a COR of 0.83 and higher but this work shows the highest achievable COR
of the tension-element concept to be approximately 0.80. Furthermore, this COR
is only achieved with a very low face mass which is probably less than what would
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be required in a commercial club employing the tension-element concept. If further
simulations show higher COR is possible with this concept, the following issues must
be addressed to continue development of this concept.
Design Issues
The most important design issues to be addressed are securing the spoke ends
and reducing the total head mass. The final phase two validation hardware performed
well, but the spoke ends slipped on the first impact causing permanent face offset.
This offset is not predicted in the models and most likely reduces the non-linearity
of the face stiffness. The spoke ends must be properly secured to prevent this from
reoccurring. Very large dynamic tensile forces must be supported. Additionally,
the increased spoke thickness used in phase two over phase one demonstrated higher
performance and did not exhibit high-order-mode excitation, but larger stress concentrations are created at the spoke ends because there is increased bending stress.
This might be able to be reduced by using a strain relief such as larger fillets and/or
increasing spoke width at the spoke ends.
Furthermore, both prototypes are considerably more massive than a current
driver head. The most effective way to decrease mass is to properly secure the spoke
ends without massive hardware. For example, if the clamping bolts and lugs in
the phase two validation hardware were eliminated and the entire structure were
assembled and then welded together, considerable mass savings could be obtained
while properly supporting the reaction forces in the spokes.
Analysis and Experimentation Issues
Further analysis is required to accompany the implemented design changes and
more hardware should be created to validate newly created models and to explore the
above mentioned possible performance benefits.
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8.2.2

Alternative Fundamental Research
If further analysis does not show higher performance promise for the tension-

element concept, it is recommended that more fundamental research be done. In
particular, the existing ball model could be used with a spring element and point
masses to simulate the club’s face stiffness, face mass, and total mass. With a properly
defined spring element, the optimal force-deflection relationship of the face could
be found for a given impact velocity. This analysis will undoubtedly create more
understanding of the desired face stiffness characteristics of a golf club. With a more
sound understanding of the desired face stiffness, a mechanism could then be created
to achieve the desired face stiffness. The knowledge gained in this thesis should
facilitate the development of the new mechanism and modeling techniques.
In addition, more work can be done using energy analysis of dynamic FEA
simulations. Viscous, kinetic, internal, strain, and frictional energies are easily output
for the ball and head and the system in ABAQUS. Research in this area should also
create greater fundamental understanding of the dynamic golf ball-club impact and
should lead to new concepts to increase golf club performance.
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Appendix A

Additional Phase Two Data
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Static Energy Loss Testing
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Figure A.1: Static energy loss of phase two validation hardware. Energy loss is
15.3%

62

1.6

Measured and Predicted Static Face Stiffness
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Figure A.2: Phase one predicted and measured static face stiffness. The hardware
face stiffness was measured with the face in the offset position after all dynamic
testing was completed.
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